I. INTRODUCTION
IN some regions, populations of the land snail Cepaea nemoralis are characterised by concentrations of particular shell morphs over large areas, irrespective of habitat background, and often with sharp transitions between adjacent areas with dissimilar morph frequencies. This phenomenon, known as "area effects ", was first described in C. nemoralis from the Marlborough Downs in south-central England (Gain and Currey, 1 963a). Subsequently, area effects have been described from several localities, most strikingly from upland chalk (Cain and Currey, l963b; Carter, 1968; Arnold, 1971 ).
Similar patterns of geographic variation have been found in the polynesian land snail Partula (Clarke, 1968; Clarke and Murray, 1971) .
In order to characterise more completely the genetic basis of area effects, I have extended Carter's (1968) (1968) . Ordnance Survey Grid references and altitudes for each site are listed in table 1. Specimens from each locality were taken from as small an area as possible, always less than 30 metres in diameter. Adult individuals were marked with an identifying number and examined for allozymes and for shell banding and colour characters.
(ii) Electrophoresis
The snails were frozen for up to 5 months. Immediately prior to electrophoresis, dart sacs, hepatopancreas, and samples of foot were macerated separately in cold distilled water, equal volume by weight. Extracts were soaked on to filter paper inserts through a layer of filter paper.
Allozymes were separated by horizontal electrophoresis in gels of 12 per cent Electrostarch. Esterases from foot extracts, leucine aminopeptidase, malate dehydrogenase, 6-phosphogluconate dehydrogenase, phosphoglucose isomerase, and tetrazolium oxidase were assayed, using staining recipes essentially as described by Brewer (1970) . With the exception of the esterases, these enzymes were not tissue specific. Although several buffer systems were used initially, the polymorphisms included in this study were routinely scored on the Tris-EDTA-Borate system described by Markert and Faulhaber (1965) , with a running time of 34 hours at 300 volts. The phenotypes and inheritance of the shell morphs of C. nemoralis are summarised by Cain et al. (1968) . Data on four loci are presented here: colour (CY, yellow; C", pink; CB, brown; in order of increasing dominance); bandedness (BB, bands present, recessive to B°, bands absent); spread bands (SS, spread bands, dominant to S, normal bands); and midband (Us, single central band only, dominant to U, more than one band). Since there is dominance at each locus, allelic frequencies were estimated on the assumption of Hardy-Weinberg equilibrium.
Cepaea esterases are numerous and complex (Oxford, 1973) , and only one system was scored in the present study. Esterase-F (Est-F locus) is the most anodal of the esterases found in extracts of the foot; it is not detectable in extracts of other tissues examined. This esterase produces a pink band when provided with a combination of alpha-napthyl acetate and betanapthyl acetate as substrates, indicating preferential activity on the betaisomer. Heterozygotes at the Est-F locus show two zones of activity.
The leucine aminopeptidase (Lap-2 locus) polymorphism has been described previously, consisting of three alleles and double-banded heterozygotes (Brussard and McCracken, 1974) . On the Berkshire Downs, a previously unreported null allele (Lap-2°) occurs; it is scorable in homozygotes only, these lacking activity for leucine aminopeptidase 2, but not for the monomorphic leucine aminopeptidase 1.
The anodal malate dehydrogenase (Mdh-1 locus) and 6-phosphogluconate dehydrogenase (6pgd locus) polymorphisms have been described previously, with heterozygotes displaying three zones of activity (Manwell and Baker, 1968; Levan and Fredga, 1972) . Three alleles at each locus were detected from the Berkshire Downs. Correspondence of these alleles with those previously described was not determined. The phosphoglucose isomerase (Pgi locus) and tetrazolium oxidase (To-2 locus) polymorphisms have not been described before. Each poiymorphism consists of two alleles, with heterozygotes displaying three zones of activity.
At each of the six enzyme loci, alleles are labelled alphabetically, beginfling with the allele encoding the most anodal allozyme. The genetic basis of the polymorphism has been demonstrated for Lap-2 only (Brussard and McCracken, 1974) , not including the null allele at that locus. Preliminary results indicate Mendelian segregation at the other loci as well, but the data will be presented elsewhere when complete. The phenotypes at each locus are similar to those of known genetic polymorphisms of the same enzymes in other organisms.
With the exception of Lap-2, allelic frequencies at the enzyme loci were calculated directly from observed genotypic frequencies. In those populations segregating for the null allele, Lap-2 allelic frequencies were calculated on the assumption of Hardy-Weinberg equilibrium.
(iv) Geographic associations of characters A medial test (Quenouille, 1972) was used to find pairwise geographic associations among the loci. To clarify and quantify patterns of geographic variation over all loci, a Varimax factor analysis (Gould, 1967 ) of all allelic frequencies (i.e. an R-mode analysis) was conducted, using the BioMed-UCLA programme at the University of Virginia Computing Center. The Varimax solution determines the principal axes of covariation among the characters, such that each character tends to load very heavily or very weakly on a given axis. Allelic frequencies were angularly transformed (Sokal and Rohlf; 1969) prior to factor analysis.
Contrary to usual procedure, the characters were not standardised.
Standardisation assigns equal weight to each character, irrespective of the actual variances of the characters. Since sets of allelic frequencies are sets of equivalently scaled characters, however, it is more appropriate to weight each allele by its absolute variance in frequency.
Populations were assigned scores on each Varimax axis in the following way:
where p is the frequency of the ith allele, and r is the correlation of the ith allele with the axis in question.
RESULTS (i) Variation of allelic frequencies
The present samples (table 1) reflect the pattern of shell morph distribution described by Carter (1968) . The variation is greatest for the midband gene, which has a bimodal distribution of allelic frequencies. Samples from the Lambourn Downs (groups C and D of table 1) have high frequencies of U3 whereas the western samples (group A) have low frequencies of this allele ( fig. 2) . Spread-banded shells also are common on the Lambourn Downs and rare to the west ( fig. 3) . Finally, most samples from the Lambourn area have high frequencies of yellow shells. -1-00 -0-86 100
As in the shell characters, there is considerable geographic variation in the allozymes (table 2). The clearest patterns of variation are for Est-F and 6pgd. The EstFa and 6pgdc alleles reach moderate to high frequencies in the area of high frequencies of U3 and SS, but have negligible frequencies in the western samples (figs. 4 and 5). Such marked geographic concentrations are not evident for the other allozymes.
(ii) Geographic associations of allelic frequencies
The similarity of patterns of geographic variation at the U, S, Est-F, and 6pgd loci evidenced by figs. 2 to 5 is statistically significant (table 3) . These four loci form a group, within which all pairs show significant associations of allelic frequencies. At each of these loci, the allele correlated with the midband area effect is rare to absent outside that area. The frequency of C" is also significantly associated with U, S S, and EstFa, but C" also occurs at high frequencies outside the midband area. The only other significant pairwise associations are between S and both Lap-2 and Mdh-1.
All of the statistically significant associations reflect the area effect on the Lambourn Downs. Allelic frequencies among the loci are neither strongly nor independently correlated, however. Calculation of partial correlation coefficients among U, 5, Est-F, and 6pgd revealed significant independent correlations between U3 and 58 and between SS and EstFcL only. Rather than a close correlation between pairs of loci, there is a tendency for certain alleles to be relatively common in the same general area.
To clarify and quantify this complex of interlocus combinations, Varimax axes of covariation in the frequencies of all 25 alleles were computed (table 4).
Only the first two axes need be considered, as only they produced obvious geographical groupings. Both axes relate to the area effect. The midband area effect is well represented by the Varimax II axis, with which the midband locus correlates strongly. Colour and spread-band also load heavily, and Est-F and 6pgd are the only other loci with correlations exceeding 05. This axis represents 20 per cent of the allelic frequency variation, averaged over the 25 alleles.
The Varimax I axis indicates a pattern of covariation within the midband area, representing an average of 22 per cent of the variation in allelic fre- To-2 The exact delineation of the groups is arbitrary, but the general trends are clear. Maximum differentiation is between the non-midbarid areas (groups A and E) and the western populations of the midband area (group C).
Scores on both Varimax axes are highest in group C. Transition from the peculiarity of this group of populations is sharp in the west, and gradual in the east. The two Varimax axes agree in the overall structure of the area effect; population scores on the two axes are correlated within group C (r = 062, P<O.Ol) and within groups C and D combined (r = O6O. P <0.01). While geographic concentrations of several alleles focus on the same area, the extent of the concentrations varies among the loci. The extreme western portion of the midband area has peculiar frequencies at the Lap-2
Mdh-1, Pgi, and To-2 loci. The Est-F° and 6pgdc alleles are more extensively associated with the midband area, and S8 even more so. The U3 allele maintains high frequencies much farther eastward than do the others. Scores on both Varimax axes are associated with altitude. Both high and low scores on Varimax II tend to be from high altitudes; intermediate scores tend to be from lower elevations. In other words, both the midband and five-band areas are uplands, while the transition samples are from lower sites. Within groups C and D, Varimax II scores are moderately correlated with altitude (r = 038, P<0.Ol).
On Varimax I, the five-band area is similar to the transition and eastern midband areas, so there is no overall association of this axis with altitude. High scores on this axis are associated with the highest portions of the midband area, however, Within group C, there is a positive correlation of Varimax score with altitude (r = 061, P < 0.01). The lowest samples from this group, samples 27 and 10, are approximately 33 km apart, but have similar scores on Varimax I. On the other hand, sample 27, near the bottom of White Horse Hill, is only 09 km from sample 17, near the top, and these two samples represent the extreme scores on Varimax I within group C.
In view of the geographical associations of allelic frequencies, an attempt was made to find intrapopulation associations of loci, although any such associations would have to be strong in order to be detected by the generally small sample sizes. Only C and S show a consistent direction of linkage disequilibrium. As reported by Carter (1968) , there is an excess of yellowspread banded shells from the midband area effect (table 1). Fifteen of 17 samples segregating at both loci in group C show an excess of yellowspreads (P <0•05, sign test). Twenty-two of 26 samples from groups C and D combined show this excess (P < 0.05). Only four of eight samples from groups A and B follow this pattern, the number expected from chance alone. Although the area of linkage disequilibrium corresponds with the midbancl area, the intensity of disequilibrium, as measured by product-moment coefficients of correlation (table I) , is not correlated with scores on either Varimax axis within the area effect.
Discussion
The clearest and most important point to emerge from the present data is that the" midband " area effect on the Lambourn Downs represents much more than a peculiarly high and extensive concentration of the U3 allele.
Geographic concentrations ofS8, EstFa, and 6pgd' (figs. 3 to 5), are strikingly associated with the area effect. The association of S8, EstFa, and 6pgd" with alleles at the Lap-2, Md/z-1, Pgi, and To-2 loci as represented by the Varimax I axis, further indicates extensive genetic divergence between the midband and non-midband areas.
This finding agrees with evidence from Partula that area effects represent marked genetic differentiation (Clarke, 1968) . The association of visual with non-visual polymorphisms indicates that the study of shell morph frequencies is not of narrow application. In this regard, it is also interesting that there are associations of allozymes and shell morphs on a larger geographic scale in American colonies of Cepaea (Brussard, 1975) . In addition to verifying the genetic pervasiveness of the Lambourn area effect, the patterns of covariation among the 10 polymorphic loci provide a clearer description of the area effect than do frequencies of U3 alone. This more complete picture of the area effect is relevant to, but does not resolve, the controversial question of the cause(s) of area effects. Goodhart (1963) and Wright (1965) suggested an origin of area effects from small isolated founder populations which developed differently coadapted gene complexes. One argument against an important influence of isolation has been that the area effects for different loci are not concordant (Cain and Currey, 1963a) . To judge from the larger number of loci examined here, however, there is much covariation among the loci in the western Berkshire Downs, as one would expect if the history of the area effect were one of differentiation in isolation, followed by secondary contact.
From the Marlborough Downs north and eastwards across the Berkshire Downs, there is a decrease in the intensity of area effects, paralleling a decrease in altitude and topographic variation (Carter, 1968) . Within the western Berkshire Downs, this association is further evident from the correlation of Varimax scores with altitude. Carter (1968) felt that the correlation of area effects with regions of marked topography argued against a role of isolation. The reverse conclusion would seem as likely.
The distribution of C. nemoralis on the Marlborough and western Berkshire Downs is limited topographically. The low-lying areas often contain C. hortensis, but not C. nemoralis. The gap between eastern and western samples in the present study (western portion of area B, fig. 1 ) is such an area (Carter, 1968; personal observations) . Restriction of C. nemoralis to higher ground could result in patterns of isolation, which would be most marked in the areas of sharp and elevated topography; i.e. in those areas with the most striking area effects. While only a suggestion, the consistency of the Lambourn area effect with possible patterns of historical isolation at least precludes the use of this area effect as evidence against a role of isolation.
If isolation played a role in the development of the Lambourn area effect, however, that role must have been long ago. Isolation across the present gap is not the cause of the area effect, because the transition to the midband area occurs east of the gap, rather than on either side of it. Also, subfossils indicate that the distribution of C. nemoralis has contracted, while that of C. hortensis has expanded, since the hypsithermal, about 4500 B.C. (Currey and Cain, 1968; Cain, 1971) . Thus, the distribution of C. nemoralis on the Downs is probably more restricted at present than for more than 6500 years, and any role of isolation must have been during an earlier period of range contraction.
To suggest a role of isolation need not be to suggest a role of random divergence, as was done by Goodhart (1963) and Wright (1965) , because isolation favours divergence through selection as well. Indeed, the patterns of variation among the loci suggests an inadequacy of random divergence. While the area of maximum differentiation of the covariant loci is in the western portion of the midband area, there are differential eastward extensions among the loci. This nested pattern of distribution would not be expected from random drift, suggesting a role of selection.
The nature of the actual selective mechanisms remains obscure, however. The covariation among several loci suggests that, if environmental selection is the main determinant of allelic frequencies, the effective parameter of the environment must act in a fundamental and pervasive manner. Climate is the most obvious such aspect of the environment. There is considerable distributional (Lamotte, 1959; Cain and Currey, l963a, b) ; Arnold, 1968; Cain et al., 1968; Jones, 1973) and possibly some direct (Richardson, 1974; Bantock, 1974) evidence for climatic determination of colour morph frequencies in Cepaea. Among the allozymes, however, only Est-F is correlated with shell colour in the western Berkshire Downs, and this correlation does not hold microgeographically.
There is some evidence for climatic selection with respect to shell banding (Arnold, 1968; Currey and Cain, 1968; Cain, 1971) , but a large scale trend is not evident (Jones, 1973) . The most striking area effects for midbanded shells occur in highly exposed uplands, subject to environmental extremes. In the Lambourn area, this general association is further reflected by correlations of Varimax scores with altitude. In this regard, it is particularly interesting that U3 increases on Liddington Castle (Cain and Currey, l963a) and Charlbury Hill (sample 21, table 1), both highly exposed hilltops well outside the midband area. On Charibury Hill, at least, there are not parallel responses at the other loci associated with the midband area effect.
Also, the correlations of Varimax scores with altitude hold only in limited portions of the study area. Thus, until environmental parameters can be locally measured, and correlated with the microgeographic distribution of allelic frequencies, the role of climatic selection will remain an elusive possibility.
The difficulty of finding environmental correlates with area effects in Cepaea and in Partula led Clarke (1966 Clarke ( , 1968 to postulate an important role of coadaptation in the origin of area effects. Evidence for coadaptation would include linkage disequilibrium and genetic disturbance in the transition zone between area effects. There is evidence for such genetic disturbance in Partula taeniata (Clarke, 1968) . In the present study, there is consistent linkage disequilibrium between C and S within the midband area, but not outside that area. Whether larger samples would reveal disequilibrium among the other covariant loci remains to be seen. Experimental evidence that the observed linkage disequilibrium is maintained by selection is clearly desirable.
An important difficulty in the controversy on the causes of area effects is that the major hypotheses are not mutually exclusive. Indeed, one would expect much synergism between isolation, environmental selection, and coadaptation. According to one's preconception, the data here reported can be taken as evidence for several combinations of these three factors. In any case, the demonstration of pervasive genetic change associated with the Lambourn area effect makes area effects more fascinating, if not less enigmatic.
